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[57] ABSTRACT 

The present invention relates to the mounting of pre-stressed 
electroactive material in such a manner that large displace- 
ment actuators or sensors result. The invention comprises 
mounting the pre-stressed electroactive material to a support 
layer. This combination of a pre-stressed electroaclive mate- 
rial and support layer may in turn be attached to a mounting 
surface. The pre-stressed electroactive material may be a 
ferroelectric, pyroelectric, piezoelectric, or magnetostrictive 
material. The size, stiffness, mass, and material of the 
support layer is selected to result in the electroactive device 
having dynamic response properties, environmental capa- 
bility characteristics, and the required resilience optimized 
for a given application. The capacity to connect the support 
layer to a surface expands the arenas in which the pre- 
stressed electroactive device may be used. Application for 
which the invention may be used include actuators, sensors, 
or as a component in a pumps, switches, relays, pressure 
transducers and acoustic devices. 

II Claims, 9 Drawing Sheets 
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ADVANCED LAYERED COMPOSITE 

POLYLAMINATE ELECTROACTIVE 
ACTUATOR AND SENSOR 

CROSS REFERENCE TO RELATED 
APPLICATION 

This application is related to copending application Ser. 
No. 08/797,553, filed Jan. 24, 1997, entitled ‘Thin Layer 
Composite Uni morph Ferroelectric Driver and Sensor,” 
commonly assigned with the present invention. 

ORIGIN OF THE INVENTION 

The invention described herein was made by employees 
of the United States Government and may be manufactured 
and used by or for the Government for governmental pur- 
poses without the payment of any royalties thereon or 
therefor. 

BACKGROUND OF THE INVENTION 

1. Technical Field of the Invention 

The present invention relates generally to electroactive 
devices. Specifically the present invention relates to the use 
of electroactive actuators as the driving component of a 
bending type mechanical actuator capable of producing or 
experiencing large displacements. 

2. Discussion of the Related Art 

The related art includes ‘Rainbow’ ferroelectric actuators 
and sensors, more conventional ferroelectric actuators and 
sensors, and electromagnetic actuators. 

Conventional piezoelectric actuators exhibit limited 
mechanical displacements. The output of conventional 
piezoelectric devices is limited by the piezoelectric materi- 
al's relatively low piezoelectric displacement constant. 
Thus, conventional devices of reasonable thickness (i.e., on 
the order of a few millimeters) offer mechanical output 
motion only in the micrometer range. ‘Rainbow’ actuators, 
‘Moonies’, unimorphic, and bimorphic piezoelectric actua- 
tors exhibit greater mechanical output motion. However, 
even thin ceramic wafers, those on the order of 0.25 mm, 
which exhibit the maximum observed output motion, pro- 
vide a displacement limited to approximately 1 mm of 
motion in the z-direction for a device 3 to 4 centimeters in 
length. 

The related art includes the designs disclosed in U.S. Pat. 
No. 5,471,721 by Haertling (’721). The first design utilizes 
a clamshell structure in which two arc shaped actuators are 
stacked such that their concave surfaces are oriented to face 
one another. A conductive sheet is located between the 
actuators. The actuators make contact with the conductive 
sheet only at the end points of their respective concave faces. 
The ‘Rainbow’ actuators are not attached to the conductive 
sheet. The complete assembly functions by allowing the end 
points of the actuators to slide on the rigid plate. The desired 
direction of force or deflection for the actuator assembly is 
perpendicular to the rigid plate. This sliding action results in 
frictional forces and abrasion of the actuators. The frictional 
forces created are not uniform over the entire range of 
motion of the actuators. This nonuniformity displays itself in 
the way of stiction, the noncontinuous motion of the actuator 
due to the build up of friction. Multiple clamshell units, 
separated by rigid plates, may be stacked to provide greater 
displacement potential. 

A second design disclosed by the *721 patent is a stacking 
of multiple ‘Rainbow’ actuators. The individual actuators 
are separated by rigid conductive sheets and are oriented 
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such that the convex surface of any ‘Rainbow’ is oriented to 
face the concave surface of any other ‘Rainbow’ in the stack. 
As in the previous design the complete assembly functions 
by the sliding of the actuators on the rigid plate. The desired 
5 direction of force or deflection for the actuator assembly is 
perpendicular to the rigid plate. As with the previously 
discussed *721 design, this sliding action results in stiction 
and abrasion of the actuators. 

Additionally, these thin ceramic devices require special 
10 handling as they are extremely brittle, fragile, and prone to 
breakage. The delicate nature of these ceramic devices, 
combined with the limited means of fastening the individual 
devices in place, severely restricts the range of applications 
for which the devices are suitable, thus impairing their 
I 5 utility. 

Another related art design is the “buzzer” used in audio 
speakers. The “buzzer” consists of a circular unimorph 
wafer mounted on a circular diaphragm. The diaphragm is 
secured along its edge. Electric stimulation of the unimorph 
20 causes the diaphragm to displace perpendicular to the plane 
of the diaphragm. The “buzzer” design does not use pre- 
stressed unimorphs. 

It is accordingly an object of the present invention to 
25 provide an electroactive actuator with improved mechanical 
displacement. 

It is another object of the present invention to provide a 
compliant mounting system for electroactive actuators and 
sensors. 

30 It is another object of the present invention to improve the 
efficiency of the actuator. 

It is another object of the present invention to remove 
noise from the output signal of the present invention when 
it is used as a sensor 

35 It is another object of the present invention to provide an 
electroactive actuator with improved durability. 

It is another object of the present invention to provide an 
electroactive actuator with a non-electroactive mounting 
40 surface and support layer. 

It is another object of the present invention to provide a 
means of mounting an electroactive device to another elec- 
troactive device. 

It is another object of the present invention to provide a 
45 means of indirectly loading the electroactive element. 

It is another object of the present invention to provide a 
means of changing or modifying the dynamic resonance of 
the electroactive devices. 

It is another object of the present invention to provide a 
50 better transfer of mechanical and acoustical energy. 

It is another object of the present invention to take 
advantage of the material characteristics of the support layer 
and the mass and extension of the support layer and mount- 
55 ing surface. 

It is yet another object of the present invention to accom- 
plish the foregoing objects in a simple manner. 

Additional objects and advantages of the present inven- 
tion are apparent from the drawings and specification which 
60 follow. 

SUMMARY OF THE INVENTION 

The present invention is a great improvement in electro- 
active actuator design. The present invention relates to 
65 mounting electroactive materials in order to harness their 
mechanical displacement capacity to form actuators and 
sensors. The present invention accomplishes this by attach- 
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ing a supporting material to the electroactive material and 
then attaching the ends of the supporting material to another 
object, such as a spring, flat plate, a cylinder, the drive 
mechanism for a pump, the supporting material of another 
actuator, or any other surface. Unlike the related art, the 
instant invention requires neither the require rigid flat sur- 
faces of the ’721 patent, nor the completely secured dia- 
phragm edges of the ‘buzzer’ type design. 

The present invention utilizes electroactive materials of 
compound curvature having a planform area greater than its 
thickness. The thickness of the electroactive material is 
defined as the z-direction. The compound curvature of the 
element is in the plane of the thickness of the electroactive 
materials. 

When the electroactive material is a ferroelectric or 
piezoelectric, electrical leads of gold, silver, nickel, or any 
electrically conductive material are attached to opposite 
surfaces of the electroactive materials, providing a device 
capable of use as either a sensor or actuator. Similarly, when 
the electroactive material is a pyroelectric, and it is desired 
to form a sensor, a pair of the previously described electrical 
leads are attached to opposite surfaces of the pyroelectric 
material. When the electroactive material used is a magne- 
tostrietive material, the device can be used as either an 
actuator or sensor. In order to use the device as a sensor, the 
deflection of the magnetostrictive material must be mea- 
sured. In order to form a magnetic field sensor with an 
electrical output, a layer of piezoelectric material may be 
used in conjunction with the magnetostrictive material. As 
the piezoelectric material is strained by the response of the 
magnetostrictive material to the presence of a magnetic field, 
an electrical signal is produced and transmitted through 
electrical leads attached to the piezoelectric material. 

When excited by an electric current the piezoelectric or 
ferroelectric material deflects mainly in the z-direction. The 
direction of the deflection depends upon the direction of the 
current and the polarity of the electroactive material, while 
the amount of deflection is dependent upon the magnitude 
and polarity of the voltage employed. The deflection of the 
electroactive material in the z-direction either increases or 
decreases the radii of curvature of the electroactive material. 
This deflection of the electroactive material provides the 
motive power for the actuator. Alternatively, when the 
electroactive material is strained by an outside force an 
electric charge is produced. A sensor is produced by mea- 
suring the potential of this electric charge. The mechanisms 
that trigger responses in the electroactive material are mag- 
netic fields for magnetostrictive materials, heat for purely 
pyroelectric materials, and strain for ferroelectric and piezo- 
electric materials. 

The present invention is fabricated in accordance with 
U.S. Pat. No. 5,632,841 “Thin Layer Composite Unimorph 
Ferroelectric Driver and Sensor,” incorporated herein by 
reference. First, a mold is selected for the device. A prestress 
layer, of larger planer dimensions than the electroactive 
material, is placed on the mold and a electroactive material 
layer is placed on top of the prestress layer. These layers are 
bonded together by heating and then cooling the assembled 
device. The prestress layer may be an adhesive and may 
include reinforcing material. The electroactive material 
layer may be a ferroelectric material, a piezoelectric 
material, a piezostrictive material, a pyroelectric material, a 
magnetostrictive material, or a composite. The electroactive 
material layer may include surface electrodes where 
required by the nature of the electroactive material. These 
electrodes may be applied by including an electrode layer on 
opposite surfaces of the electroactive material layer prior to 
heating the assembly. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a side view of the basic embodiment. 

FIG. 2 is a perspective view of the basic embodiment. 

FIG. 3 is side view of a bender actuator embodiment. 

FIG. 4 is a side view of a bender actuator attached to a 
platform. 

FIG. 5 is a side view of a bender actuator attached to a 
mounting surface. 

J0 FIG. 6 is a side view of a bender actuator attached to a 
mounting surface. 

FIG. 7 is a side view of a bellows actuator composed of 
two bender actuators. 

FIG. 8 is a side view of a two bender actuators attached 
15 to one another at a single end. 

FIG. 9 is a side view of a bender actuator attached to a 
mounting surface which is attached to an additional layer. 

DESCRIPTION OF PREFERRED 
EMBODIMENTS 

20 

The present invention is capable of use as either an 
actuator or a sensor. The most basic embodiment of the 
invention is the attachment of a layer of pre-stressed elec- 
troactive material having compound curvature to a thin, 
25 curved, support layer. The agent used to bond the electro- 
active material to the support layer may be a polymer, braze 
alloy, solder, or cerment, a ceramic based bonding agent. 
The support layer is shaped in such a manner as to allow the 
electroactive material to nest against it. The surface of the 
30 support layer attached to the electroactive material must be 
possessed of a surface area greater than the surface area of 
the mating surface of the electroactive material. 
Additionally, the support layer must be of sufficient size to 
extend beyond the boundaries of the surface of the electro- 
35 active material attached to it, and the entire face of the 
electroactive material in contact with the support layer must 
be attached to the support layer. FIG. 2 is illustrative of these 
relationships. 

In the basic embodiment the support layer has an elon- 
40 gated planform. When the pre-stressing of the electroactive 
material is done by processing on a mold having a radius of 
curvature in a single direction only, the pre-stressed elec- 
troactive materia! is predisposed to increase or decrease this 
radius of curvature when excited. For convenience, the 
45 direction along this radius of curvature will be referred to as 
the length of the support layer, even though the device may 
be constructed in such a manner that this dimension is 
smaller than the dimension of the support layer oriented at 
90 degrees to this radius of curvature. The support layer is 
50 of sufficient dimension to extend a distance beyond the edge 
of the electroactive material along the length of the device. 
This excess in dimension of the support layer over the 
pre-stressed electroactive material along the length of the 
device may continue the arc resulting from the forming over 
55 a curved mold, continue on a tangent to that arc, or be shaped 
to allow the mounting of the support layer to a surface or 
surfaces of any profile. The preferred material for the 
support layer is a metallic material such as steel, however, 
any material that remains elastic throughout the range of 
60 motion resulting from the excitement of the electroactive 
material, for example ceramics, composite materials, 
fiberglass, or plastics, may be used. The material must be 
resilient because the present invention uses the elastic prop- 
erties of the supporting material to assist in returning the 
65 actuator or sensor to its unexcited position. 

Further embodiments of the electroactive device require 
either the support layer or the electroactive material of the 
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electroactive device be connected, in at least one location, to FIG. 4 illustrates the mounting of the embodiment illus- 
a mounting surface. The electroactive material may be trated in FIG. 3 to a platform 401. The electroactive device 
located on either surface of the support layer. 30 is mounted to the platform 401 by adhesive bonding, 

FIG. 1 illustrates the basic embodiment 10 of the inven- welding, soldering, riveting, bolting, or any other means of 

lion. An electroactive material 101 of compound curvature 5 attachment that moderates relative motion between the sup- 
is bonded to a curved support layer 102 having a central P ort layer 102 and the platform 401. The platform 401 may 

portion 103, that conforms to the shape of the electroactive be of a thin flexible material, or of such stiffness and size to 

material 101. The support layer 102 is made of a flexible, force all of the energy produced from the deflection of the 

resilient material. The basic embodiment 10 is fabricated electroactive material 101 to be utilized in the deformation 

according to the process of U.S. Pat. No. 5,632,841, “Thin of the support layer 102. 

Layer Composite Unimorph Ferroelectric Driver and Another embodiment of the present invention is geometri- 
Sensor,” incorporated herein by reference. The support layer cally identical to the previously disclosed manifestation of 
102 may also serve as the pre-stressing layer. The central the three layer actuator embodied in FIG. 4 with the excep- 

portion 103 of the support layer 102 has a convex surface tion that the support layer 102 acquires the geometry of the 

113 and a concave surface 114. The concave surface 112 of platform 401 and the platform 401 then takes on the geom- 
the electroactive material 101 is bonded to the convex 15 etry of the support layer 102. 

curved surface 113 of the support layer 102. The support Another embodiment of the present invention is the 
layer 102 extends beyond 108, 109 the electroactive material bellows device produced w’hen two actuators have the ends 

101. Electrical leads 110 are connected to the convex surface of their respective support layers attached to one another 

111 and concave surface 112 of the electroactive material such that the concave side of the first actuator is oriented 

101. 20 facing the concave side of the second actuator. It should be 

A further embodiment of the present invention is a three understood that this embodiment of the invention includes 

layer actuator, identical to the previously described embodi- the stacking of multiple bellows devices. When multiple 

ment except for the addition of a mounting surface. This bellows devices are stacked the displacements of the indi- 
surface may be a metallic, ceramic, plastic, composite, or vidual bellows devices are linearly additive. The force 
organic material. The mounting surface is contoured to 25 produced by the stacked bellows type devices is limited to 
allow it to be attached to the support layer. If the mounting the force produced by the weakest bellows device in the 
surface is strip-like in nature, the contour of this strip is such series. FIG. 7 illustrates a bellows embodiment of the 

that its makes contact with the support layer only along a present invention utilizing two of the bender devices 30, 30' 

portion of mounting strip's length. illustrated in FIG. 3. 

FIG. 5 illustrates an embodiment of the present invention For an application such as a pump it may be desirable to 
in which the mounting surface 501 is depicted as a strip. The attach a plurality of bender actuators to one another. The 

material of the support layer 102 extending beyond the bender actuators may be oriented such that the concave or 
edges of the electroactive material 101 either continues the convex sides of two actuators face one another or the 
curvature of the support layer or is tangent to the curvature. actuators may be positioned so that the convex side of one 
The mounting surface 501 is contoured to fit inside the is oriented to the concave side of another. The actuators may 
support layer 102 and is attached to support layer 102 by 35 be connected to one another at any point along their respec- 
welding, bolting, riveting, bonding, hinging, clamping, or tive lengths. The connection between the actuators may be 
any other means well known in the art, to moderate relative in the way of welding, bolting, riveting, bonding, springs, a 

motion between the upper surface 503 of the mounting sliding fit device, a clamp, a loose connection, or any other 

surface 501 and the concave surface 114 of the support layer conventional fastening means. 

102. The mounting surface 501 is contoured such that when 40 FIG. 8 illustrates an embodiment of the present invention 

attached in the above described manner to the support layer in which a basic embodiment 10 is connected to another 
102, a gap 502 exists between the upper surface 503 of the basic embodiment 10’ at a single end 801. The basic embodi- 

mounting surface 501 and the concave surface 114 of the ments 10, 10' are oriented such that the convex surface 113’ 

support layer 102. FIG. 5 depicts the mounting surface 501 of the lower basic embodiment 10’ faces the concave surface 
as a thin strip; this depiction, however, should not be 45 114 of the uppermost basic embodiment 10. 
considered a limitation. As previously stated, the mounting If a magnetostrictive material, which does not produce an 
surface may be a single surface, of which FIG. 5 is illus- electrical signal in response to interaction with a magnetic 

trative of a single embodiment, namely a strip of comple- field, is used as the sole eiectroactive material to form the 

mentaiy contour to the eiectroactive device. A viable alter- sensor element, the displacement of the sensor must be 

native is the mounting of the eiectroactive device to the 50 measured by optical techniques, displacement scales, 
complementary contour of an object that is massive relative Alternatively, a piezoelectric layer may be attached to the 

to the eiectroactive device. support layer in a location where it will experience mechani- 

FIG. 6 illustrates an alternative embodiment of the device cal stimulation in the form of strain, or to the magnetostric- 

illustrated in FIG. 5 in which the lower surface 601 of the tive material, forming a two layer eiectroactive material. The 

mounting surface 501 is attached to the convex side 113 of straining of the piezoelectric material produces an electrical 

the support layer 102. * signal which may then be measured as an indication of the 

FIG. 3 illustrates an alternative embodiment of the magnetic field strength. The use of the piezoelectric to 

invention, a bender unit 30, in which the material of the produce an electrical signal facilitates calibration and allows 

support layer 102 extending beyond 108, 109 the edges of for the eiectroactive device to be utilized in a remote sensing 

the eiectroactive material 101 is formed into flanges 301, capacity. 

302 at some angle to the curvature of the support layer 102. 60 FIG. 9 illustrates an embodiment of the present invention 
Radii 303, 304 are formed at the intersection of the convex in which a basic embodiment 10 is connected to a mounting 

surface 113 of the support layer 102 and the upper surfaces surface 902 at a single point further connected to an addi- 

305, 306 of the flanges 301, 302. A mounting surface may tional layer 903. The connections between the basic embodi- 

then be attached to the flanges. The mounting surface may ment 10 of the present invention, the mounting layer 902 and 

be of any profile or material and may also be a single surface 65 the further components of the structure, and their respective 
on a single object, multiple faces of a single object or materials are chosen based upon the specific materials 

surfaces of multiple objects. involved in the fabrication of the eiectroactive device, the 
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environment in which the embodiment of the present inven- 
tion is to operate, and the nature in which the embodiment 
is to be used, i.e., as a sensor, or as an active control device 
for use in jitter and vibration suppression, or vibration 
generation. The material and configuration of additional 5 
layer 903 is selected based on factors including the material 
strength, elasticity, and dynamic characteristics. 

The mounting surface 902 and the additional layer 903 
may each be single thin surfaces (as depicted in FIG. 9), 
massive relative to the electroactive device, a single surface 10 
of a single object, multiple faces of a single object, or 
surfaces of multiple objects. The ends 904, 905 of the 
additional layer 903 as shown are not in contact with any 
surface other than the mounting surface; alternatively, they 
may be configured to restrict movement along the surface 
with which they are in contact, to facilitate sliding along that 
surface, or to allow rolling along that surface by the use of 
bearings or other means such as an axle and wheels. 

Additional layers analogous to the mounting surface 902 
may be added to achieve the dynamic characteristics ^ 
required in a specific application. 

The dynamic response of the present invention is selected 
by lengthening or shortening the amount the support layer 
extends beyond the edge of the electroactive material along 
the length of the electroactive device. The dynamic response 
is also affected by the distribution mass, load, stiffness, 25 
curvature, and amount of pre-stress of the support layer. 
Furthermore, additional mass may be added to or subtracted 
from the support layer extending beyond the edge of the 
electroactive material along the length of the electroactive 
device in order to influence the dynamic response charac- 30 
teristics of the electroactive device. The dynamic response 
characteristics of the electroactive device may also be modi- 
fied by the addition of mass to the device in the region of the 
device occupied by the electroactive material. An electro- 
active device with a variable frequency response may be 35 
achieved by the addition of a mass that may be translated 
along the length of the electroactive device in the region of 
the electroactive material. 

Electroactive devices utilizing the present invention can 
be used in accelerometers, active structures, brakes, dis- 40 
placement actuators, electrical relays, electromagnetic sen- 
sors and actuators, electromechanical sensors and actuators, 
focus mechanisms for mirrors, magnetic field driven 
actuators, magnetic field sensors, motors, optics, pressure 
transducers, pumps, sensors, sonic transducers, switches, 45 
thermal sensors and actuators, thermomechanical sensors 
and actuators, valves, and vibration suppression devices. 

The many features and advantages of the present inven- 
tion are apparent from the detailed specification, and thus it 
is intended by the appended claims to cover all such features ^ 
and advantages of the apparatus which fall within the true 
spirit and scope of the invention. Further, since numerous 
modifications and changes will readily occur to those skilled 
in the art from the disclosure of this invention, it is not 
desired to limit the invention to the exact construction and 
operation illustrated and described, accordingly, suitable 55 
modifications and equivalents may be resorted to, as falling 
within the scope and spirit of the invention. 

What is claimed as new and desired to be secured by 
Letters Patent of the United States: 

What is claimed is: 60 

1. An electroactive device, comprising: 
a pre-stressed, curved electroactive material having a 
convex surface and a concave surface; 
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a support layer having a curved central portion and two 
ends, the curved central portion having a convex sur- 
face and a concave surface, the convex surface being 
conformed to match to the shape of the concave surface 
of the pre-stressed curved electroactive material, the 
convex surface of the central portion being in contact 
with the concave surface of the pre-stressed, curved 
electroactive material; and 

a means for attaching the convex surface of the central 
portion of the support layer to the concave surface of 
the pre-stressed, curved electroactive material. 

2. An electroactive device as recited in claim 1 wherein 
the support layer is selected from the group consisting of 
metals, plastics and ceramics. 

3. An electroactive device as recited in claim 1 wherein 
the pre-stressed, curved electroactive material is selected 
from the group consisting of ceramics and metallic alloys. 

4. An electroactive device as recited in claim 1 wherein 
the pre-stressed, curved electroactive material is selected 
from the group consisting of ferroelectric, piezoelectric, 
pyroelectric, and magnetostrictive materials. 

5. An electroactive device as recited in claim 1 wherein 
the pre-stressed, curved electroactive material is a piezo- 
electric material, further comprising a pair of electrodes, one 
electrode being attached to the convex surface of the pre- 
stressed, curved electroactive material, the other electrode 
being attached to the concave surface of the pre-stressed, 
curved electroactive material. 

6 . An electroactive device as recited in claim 1 wherein 
the means for attaching the convex surface of the central 
portion of the support layer to the concave surface of the 
pre-stressed, curved electroactive material is selected from 
the group consisting of adhesives, cerment, braze alloys, 
soldering, welding, and adhesive bonding. 

7. An electroactive device as recited in claim 1 further 
comprising at least one mounting surface attached to at least 
one end of the support layer. 

8 . An electroactive device as recited in claim 7 wherein 
the mounting surface is chosen from the group consisting of 
metals, plastics, ceramics, composites and organic materials. 

9. An electroactive device as recited in claim 7 wherein 
the mounting surface is a flexible layer. 

10. An electroactive device as recited in claim 7 wherein 
the means for attaching at least one end of the support layer 
to the mounting surface is chosen from the group consisting 
of welding, brazing, soldering, bolting, riveting, crimping, 
clamping, hinging, mechanical fastening, mechanical 
interlocking, and adhesive bonding. 

11. An electroactive device, comprising: 

at least one pre-stressed, curved electroactive material 
having a convex surface and a concave surface; 

at least one support layer having a curved central portion 
and two ends, the curved central portion having a 
convex surface and a concave surface, the convex 
surface being conformed to match to the shape of the 
concave surface of the pre-stressed curved electroac- 
tive material, the convex surface of the central portion 
being in contact with the concave surface of the pre- 
stressed, curved electroactive material; and 

a means for attaching the convex surface of the central 
portion of the support layer to the concave surface of 
the pre-stressed, curved electroactive material. 

* * * * * 


